Cadmium uptake by red pine (Pinus resinosa Ait.) pollen from a graded series of Cd2+ solutions (O to 2.88 microequivalents per 50 milligrams pollen) and its effect on membrane integrity were examined by atomic absorption spectroscopy. Uptake was strongly dependent on Cd2" concen- ethylene syringes. The syringe tips were reamed to fit the hollow plastic shaft of a cotton swab snugly. One end of the swab was removed just behind the cotton tip and the shaft of the swab was put through the syringe tip so that the remaining cotton tip was on the inside of the syringe. The shaft of the swab and the syringe tip were sealed with Parafilm. The combination of syringe and cotton swab was an efficient filter to keep pollen in the syringe and to allow for rapid changing of solutions used to suspend the pollen. The dry pollen was equilibrated in the syringes at 29 C for 20 min in a growth chamber before subsequent treatment to reduce variation in germinating ability and respiratory activity (3, 10). After temperature equilibration, each syringe was filled at 50-s intervals with 10 ml of glass-redistilled H20. The syringes were placed horizontally on a reciprocating shaker and oscillated approximately 60 strokes/min at 29 C. The initial water wash was included to remove microorganisms, which are plentiful on stored pollen (4, 10), and to remove contaminating materials released from both viable and nonviable pollen during storage.
Cd2" uptake and that predicted by the Studies have shown that Cd2+ can increase membrane permeability (12, 13) . However, the effects of Cd2' and other heavy metals show considerable variation in their influence on membrane integrity. For example, Miller and McCallan (8) showed that Ag+ and Cu2+ caused phosphate leakage from Aspergillus niger conidia, but that Hg2+, Zn2+ and Cd2' had little effect.
Preliminary experiments have shown Cd2" inhibition of pollen germination (1) . However, the mechanism of this toxicity is not known, and the study reported here was initiated to investigate Cd2+ uptake and its effect on pollen membrane permeability with the objective of determining the nature of Cd2+ toxicity to pine pollen.
MATERIALS AND METHODS
Cd2" Sorption and Desorption. Fifty mg of red pine (Pinus resinosa Ait.) pollen, which had been stored for 9 ethylene syringes. The syringe tips were reamed to fit the hollow plastic shaft of a cotton swab snugly. One end of the swab was removed just behind the cotton tip and the shaft of the swab was put through the syringe tip so that the remaining cotton tip was on the inside of the syringe. The shaft of the swab and the syringe tip were sealed with Parafilm. The combination of syringe and cotton swab was an efficient filter to keep pollen in the syringe and to allow for rapid changing of solutions used to suspend the pollen. The dry pollen was equilibrated in the syringes at 29 C for 20 min in a growth chamber before subsequent treatment to reduce variation in germinating ability and respiratory activity (3, 10) . After temperature equilibration, each syringe was filled at 50-s intervals with 10 ml of glass-redistilled H20. The syringes were placed horizontally on a reciprocating shaker and oscillated approximately 60 strokes/min at 29 C. The initial water wash was included to remove microorganisms, which are plentiful on stored pollen (4, 10) (9) . Four ml of sample were thoroughly mixed with 1 ml of Murphy-Riley reducing solution and allowed to stand for 15 min. A was read at 885 nm. P content was expressed as ,ug P released/ml of solution. KH2PO4 was used to construct a standard curve.
Reducing sugar content of each solution was determined by the orcinol method (5). One ml of each sample was added to 2.5 ml of concentrated H2SO4 and 0.5 ml of 2% (w/v) orcinol in 20%1o (v/ v) H2SO4. Samples were thoroughly mixed and heated for 30 min at 80 C in a forced-air oven. A was determined at 540 nm. Glucose was used to construct a standard curve, and all A readings were converted to glucose equivalents released/ml of sample.
The pH of all solutions collected was determined with a Beckman Zeromatic pH meter equipped with a combination electrode. Measurement of pH was performed after atomic absorption analysis to prevent K+ contamination of the samples from the pH electrode.
Significant differences among treatment means were examined by the Student-Newman-Keuls sequential range test using the P < 0.05 level of significance.
Cd2" uptake and cation release for each sample time also were used to determine the constants of the Freundlich and Langmuir adsorption isotherm equations to determine if uptake could be described by an adsorptive mechanism. The Freundlich equation is empirically derived and takes the form M = Kcn, where M = the amount adsorbed, K and n are constants, and c = the equilibrium concentration of absorbate present in solution (2) . The Langmuir isotherm is expressed as M = abp/(l + ap), where M = amount adsorbed, a and b are constants, and p = the equilibrium concentration of the absorbate (14) .
While both equations classically use the equilibrium concentration of adsorbed material as the independent variable (14), equations using the applied Cd2+ concentrations as the independent variables also were calculated. The constants for the Freundlich equation were calculated from the slope and intercept of logarithmic plots of either Cd2+ remaining in solution or the applied Cd2" concentration. The constants for the Langmuir equation were calculated in the same manner using reciprocal plots. All data were expressed as j.eq/50 mg pollen and only data points for live pollen having values greater than zero were included in the calculations.
Germination. Fifty mg of pollen, after equilibration to room conditions and washing with distilled H20, were suspended in 10 ml of each Cd2+ concentration used in the uptake study. Each of these suspensions was used to obtain three samples of 3 ml each. These samples were germinated in sealed glass shell-vials (15 x 75 mm), with constant shaking in a growth chamber at 29 C. After 48 h, two counts of 100 pollen grains each from each sample were used to estimate Cd2+ inhibition of germination. A pollen grain was considered germinated when the germ tube extended I mm or more.
RESULTS
Cd2+ Uptake. It is evident that Cd2+ uptake by live pollen was dependent on both the applied concentration and the duration of exposure (Fig. 1) The ,teq of Cd2+ accumulation associated with Ca2+ release (Fig. 2) 1.44 D treatment showed that more cations were available in the live pollen than were actually released. Release of P. The release of P from live pollen treatments was detected only in the initial distilled H20 wash, 6 ,tg P/50 mg pollen, and the first 20-min incubation period, 2.5 ,ug P/50 mg pollen. The heat-treated pollen released 11.0 ILg P/50 mg pollen in the distilled H20 wash and small (<0.5 ,tg P/50 mg pollen) but detectable amounts for the next 60 min. While heat treatment increased the release of P there was no relationship between phosphorus release and Cd2+ treatment. Separate analysis of pollen from the same lot used in this study for P content by digestion in H2SO4 showed a total P content of 110.0,g P/50 mg pollen.
Release of Reducing Sugars. of UV absorbing materials could be associated with Cd2+ treatment. While the spectra in Figure 6 are more evenly spaced than those found for some of the other treatments, the shape and relative position of the spectra for live pollen treatments remained similar. The spectra at 0 time represents transmission of a 20-min water wash prior to treatment with 0.72 ueq Cd2+. The family of spectra for the 1.44 D treatment (the 20-min tracing is included in Fig. 6 ) also showed increasing transmission with time, but had greater over-all absorption than that for live pollen treatments.
Cd2" Desorption. Cd2`treatment at 3 h (Fig. 3) and therefore more Mg2+ was available in the control pollen for exchange in the Ca2+ washes. The amount of Cd2+ causing complete inhibition of germination, approximately 0.36 ueq/50 mg pollen, was accumulated during the first 20-min uptake period (Fig. 1 ). There apparently is little relation between the amount of Cd2+ pollen can remove from solution and the inhibition of germination. and Mg2+ could be associated with Cd2+ uptake and cation exchange, the efflux of K+, P compounds, reducing sugars, and UV adsorbing materials was not related to Cd2+ treatment and was probably the result of surface washing and leaching.
Heat-killed pollen treated with 1.44 ILeq Cd2+ showed greater Cd2' accumulation and greater release of cations (except Ca2+), P compounds, reducing sugars, and UV absorbing materials than live pollen. Most of the accumulated Cd2" was exchangeable by Ca2+. Results with dead pollen indicated that total disruption of the pollen membrane did not occur, however, the lack of Ca2+ release and the increased release of UV absorbing materials suggested some wall modification occurred.
Germination of pollen in Cd2+ solutions revealed no correlation between toxicity and the quantity of Cd2' adsorbed. Since membrane damage was not associated with Cd2+ toxicity, perhaps minute quantities of Cd2' entered the pollen and were toxic. Cadmium may have interfered with membrane integrity at a later stage of the germination process, ie. after germ tube initiation. These possibilities warrant further study.
